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The state diagram of spin-torque oscillator (STO) with perpendicular reference layer (REF) and planar ﬁeld generation layer (FGL) was studied
by a macrospin model and a micro-magnetic model. The state diagrams are calculated versus the current density, external ﬁeld and external ﬁeld
angle. It was found that the oscillation in FGL could be controlled by current density combined with external ﬁeld so as to achieve a wide frequency
range. An optimized current and applied ﬁeld region was given for microwave assisted magnetic recording (MAMR), considering both frequency
and output ﬁeld oscillation amplitude. The results of the macro-spin model were compared with those of the micro-magnetic model. The macro-spin
model was qualitatively different from micro-magnetics and experimental results when the current density was large and the FGL was non-uniform.
& 2015 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Spin-torque oscillator (STO) with perpendicular reference layer
(REF) has been proposed to be an efﬁcient way to excite
oscillation at low current density [1,2]. A well-controlled STO
with stable oscillation can be the basic module for microwave
assisted magnetic recording (MAMR) [4]. When the STO is
utilized, an external applied ﬁeld of several kilo-Oe is applied on
STO in addition to the applied current [3,4]. MAMR is one of the
candidates to achieve extremely high density above 4 Tb/in2. In
MAMR, the STO acts as a generator of the microwave magnetic
ﬁeld. Hence it is important that the STO oscillates stably to
generate microwave with proper frequency and large output ﬁeld.
The external applied ﬁeld and its angle have signiﬁcant inﬂuence
to the frequency, amplitude and stability of oscillation. To
optimize the STO design, the dependence of STO dynamics on/10.1016/j.pnsc.2015.05.007
15 The Authors. Published by Elsevier GmbH. This is an open ac
mmons.org/licenses/by-nc-nd/4.0/).
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analyzed. Many theoretical and experimental studies have been
performed for planar REF conﬁguration STO [5–7]. For perpen-
dicular REF geometry, the STO performance under low or zero
external ﬁeld has been studied by both macro-spin and the
micromagnetic model [8–11]. However, few detailed theoretical
studies have been done on the performance of nano-pillar STO
under different external ﬁeld and different current density.
In this work, the oscillation performance of nano-pillar STO
consisted of a planar ﬁeld generation layer (FGL) and a
perpendicular REF, as shown in Fig. 1, has been investigated
in detail with the macro-spin model and the micromagnetic
model [12]. The dynamics was obtained by solving Landau–
Lifshitz–Gilbert equations including the Slonczewski spin
transfer torque term [13].
The dependence of STO dynamics on the current density,
external ﬁeld and external ﬁeld angle was studied. Optimized
current and applied ﬁeld regions were given for suitable
frequency and output ﬁeld magnitude for the STO utilized in
microwave assisted magnetic recording (MAMR). In addition,
the results of the macro-spin model and the micromagnetic
model were compared. The micromagnetic model showed thatcess article under the CC BY-NC-ND license
Fig. 1. Geometry of the STO consists of a planar ﬁeld generation layer (FGL)
and a perpendicular reference layer (REF). The parameters of STO in our
model are: L¼20 nm, dFGL¼10 nm, dS¼2 nm and dREF¼10 nm.
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not uniform, the dynamics of STO would be different from the
expectation of the simple macrospin model.
2. Simulation model
The STO conﬁguration considered here is shown in Fig. 1.
The STO was comprised of a perpendicular REF, a planar FGL,
and a spacer between them. The sizes of this layers were
L L d, where L¼20 nm and the thicknesses were dREF¼10
nm, dFGL¼10 nm, and dS¼2 nm. In the micromagnetic model,
REF and FGL are 3D discretized by a regular mesh, with a cell
size of 2 nm 2 nm 2 nm. This structure was simulated by
the Landau–Lifshitz–Gilbert equations including the Slonc-
zewski spin transfer torque (STT) term [13]:
∂mF
∂t
 
STT
¼ ℏγ0J
eMsdF
1
f PðmF UmRÞþbP
mF  ðmF mRÞ ð1Þ
where γ0 is the gyromagnetic ratio, J is the current density, dFGL
is the FGL thickness, 3mFGL and 3mREF are the normalized
magnetizations of a cell in FGL and REF, respectively.
fP¼ (1þP)3/4P3/2 and bP¼3fP4, and P is the spin polarization
of the conduction current.
The REF and FGL are coupled by magnetostatic interaction
and STT of tunneling spin-polarized current. The REF has a
large perpendicular anisotropy and FGL has an in-plane
anisotropy. The FGL has a large saturation magnetization so
as to generate large microwave ﬁeld. The parameters used in our
simulation are as follows: Saturation magnetizations of FGL and
REF were MFGL¼1700 emu/cm3 and MREF¼1100 emu/cm3,
respectively. Anisotropy energy constants of FGL and REF
were 5 104 erg/cm3 and 2.2 107 erg/cm3, respectively. The
Gilbert damping constant α was set as 0.02 in both layers. The
spin polarization P is set as 0.45. When the oscillation of STO is
simulated by the micromagnetic model, the exchange constant
between neighbor cells was set to be 2 106 erg/cm. The
current density varied from 10 to 400 MA/cm2. The current
ﬂowing from the REF to the FGL was deﬁned as the positivecurrent. An external magnetic ﬁeld Hext, and perpendicular
current, were applied to the STO. The Hext in this work was the
order of the external ﬁeld applied on the STO in MAMR. The
magnitude of external magnetic ﬁeld varied from 5000 to
15000 Oe with a step of 1000 Oe. The angle of external ﬁeld
varies from perpendicular (01) to 451 with a step of 91.
3. Results and discussions
3.1. Macrospin model
The frequency dependence of current density and external ﬁeld
magnitude is shown in Fig. 2, where the external ﬁeld angles are
01, 91 and 181 for Fig. 2(a), (b) and (c), respectively. When the
external ﬁeld angle was above 271, the oscillation in FGL will
disappear. The color shows the frequency. In deep blue area the
frequency is zero, indicating that the magnetization of FGL is
ﬁxed at some direction without oscillation. In each plot of Fig. 2,
there are three regions. When the current density was below the
bottom threshold (upper bound of the colored region), the
magnetization of FGL was ﬁxed in the direction of external
ﬁeld. On the contrary, as current density was above the upper
threshold (lower bound of the colored region), the magnetization
of FGL switched to the REF moment direction. Between two
thresholds, the FGL oscillated under a speciﬁc frequency.
It can be obtained from Fig. 2 that the frequency increases as the
current density increases until the magnetization of FGL switches
to the REF magnetization direction. The oscillation frequency
decreases slowly as the external ﬁeld magnitude increases. Both the
oscillation upper and bottom threshold increase as the external ﬁeld
magnitude increases. However, the frequency continuous growth
feature does not match experimental result [2]. We will show later
the micromagnetic model does predict that the frequency saturates
as current density is large enough. Comparing the state diagram
with different external ﬁeld angle, it can be seen that the bottom
threshold increases as the angle increases. In addition, the width of
oscillation region shrinks as angle becomes larger.
3.2. Micromagnetic model
When a more complete micromagnetic model was used for
the STO, the frequency dependence of current density and
external ﬁeld magnitude is shown in Fig. 3,where the external
ﬁeld angle are 01, 91, 181, 271, 361 and 451 for (a), (b), (c), (d) ,
(e) and (f), respectively. The features of these state diagrams are
different from the result of the macrospin model in Fig. 2. The
bottom threshold in Fig. 3 qualitatively coincides with that of
the macrospin result. However, it can be observed from in Fig. 3
that when the current density is large, the oscillation region for
FGL is much wider and the frequency saturates. This feature
coincides with experiments result [2]. This saturation feature is
mainly caused by the nonuniformity in FGL which will be
discussed later. In addition, under a larger external ﬁeld, the
oscillation frequency increased. Moreover, with higher external
ﬁeld, the saturation frequency was larger. Hence, the frequency
of STO was highly affected by the external ﬁeld magnitude and
the current density.
Fig. 2. Macrospin model result: The frequency dependence on current density and external ﬁeld magnitude with the external ﬁeld angles (a) 01, (b) 91, and (c)181.
Fig. 3. Micromagnetic model result: The frequency dependence on current density and external ﬁeld magnitude with the external ﬁeld angles (a) 01, (b) 91, (c)181,
(d) 271, (e)361, and (f) 451.
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frequency saturation, but also reduces the average magnetiza-
tion. As a result of nonuniform moments, the magnetic ﬁeld
generated by FGL will drop, which is against the required
characteristics in the application of STO in MAMR. Hence, low
current density region near the bottom threshold of current, witha uniform rotated FGL, is better for application. However, if the
current density is just above the bottom threshold, the proces-
sion angle is so small that the in plane component of microwave
ﬁeld is small. To optimize the microwave ﬁeld magnitude, the
oscillation amplitude of FGL was calculated by micromagnetics
with different current density and external ﬁeld, as shown in
Fig. 4. Micromagnetic model result: The oscillation amplitude dependence on current density and external ﬁeld magnitude with the external ﬁeld angles (a) 01, (b)
91, (c)181, (d) 271, (e)361, and (f) 451.
Fig. 5. Micromagnetic model result: The dependence of the average magne-
tization of FGL on the current density and external ﬁeld magnitude. The
external ﬁeld is perpendicular to plane.
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frequency saturation region. When the current density is just
above the saturation threshold current density, the oscillation
amplitude is largest. The oscillation amplitude decreases as the
current density increases further. The saturation frequency is
about 20–30 GHz, which is in the range of MAMR target
frequency assisting high Hk media switching [3].The inﬂuence of external ﬁeld angle on STO performance can
be mainly obtained from Fig. 3. With the increase of the external
ﬁeld angle, the oscillation bottom-threshold current increases and
the frequency saturation current density also rises. This means
that if the external ﬁeld is not perpendicular to plane, higher
current density is needed. In addition, it can be seen from Fig. 4
that the high oscillation amplitude region shrinks as ﬁeld angle
increases. Based on these two relationships, external ﬁeld with a
smaller ﬁeld angle will be better for uniform rotation.
It is important to show when the magnetization of FGL will
be uniform. Fig. 5 shows the average magnetization in the FGL
of STO versus the current density and external ﬁeld magnitude,
with an external ﬁeld applied perpendicular to plane. This plot
reveals the distinction between the macrospin model and the
micromagnetic model. The average magnetization o |m|4
expressed as 1T
P
t
mFGLj jdt measures the uniformity of the
moments in FGL of STO. Where the T is time period and dt
is the time step used in the micromagnetic model. The FGL is
nearly uniform as the current density just exceeds the bottom
threshold. When the current density becomes larger, the
moments in FGL become nonuniform. The relationship between
external ﬁeld and average magnetization is complicated. It is
possible that the spin wave is excited as current is large enough,
Fig. 6. Micromagnetic model: moment pattern of FGL in uniform and nonuniform region with perpendicular Hext¼6000 Oe, left: J¼100 MA/cm2, right:
J¼200 MA/cm2.
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mode [14]. The moment conﬁgurations of FGL in uniform and
nonuniform regions are shown in Fig. 6. When the moments in
FGL become nonuniform, the macrospin model fails to describe
STO in high current density region.
It should be pointed out that the feature of discrete saturation
frequencies caused by the ﬁnite in-plane sizes of the nano-
pillar needs to further study.
4. Conclusion
In this work, we calculated the STO state diagram with the
macrospin model and the micromagentic model, respectively. To
optimize output microwave ﬁeld, the frequency and oscillation
amplitude dependence on current density, external ﬁeld and
external ﬁeld angle are studied. By comparing with the experi-
ments, the macrospin model is only valid as current density is
close to oscillation bottom threshold where the moment in FGL is
uniform, and fails with a higher current density.
For the micromagnetic model, the oscillation frequency
dependence on the current density and external ﬁeld has been
studied. It has been found that the current density combined
with the external ﬁeld could control the STO to give a wide
frequency range for FGL's oscillation. In addition, the inﬂu-
ence of external ﬁeld angle has been calculated. A larger ﬁeld
angle raises the bottom-threshold of oscillation current density,
and increases the frequency saturation current density.
Furthermore, to optimize the STO utilized in MAMR, the
oscillation amplitude dependence of current density and external
ﬁeld has been calculated. Considering target frequency combined
with output microwave ﬁeld amplitude, an optimum current
density and external ﬁeld magnitude range have been found: theoscillation amplitude is large when the current density is just
above the frequency saturation threshold current density in
saturation region, and the saturation frequency is about 20–
30 GHz, which is in the range of MAMR target frequency
assisting high Hk media switching.
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